River bank filtration systems are widely used for water supply purposes. Using these systems, the movement of water over short distances between the river bottom and extraction wells can decrease the concentrations of some contaminants. Such systems are especially important for the removal of specific micro-pollutants that seasonally appear in river water. In this article, pesticides migration at the Krajkowo well field is analysed based on different water extraction schemes. The water is extracted by two groups of wells (one located 60-80 m from the Warta River, and the second located more than 400 m from the river) and by a horizontal well with radial drains located 5 m below the river bottom. Based on this scheme, the rate of pesticide residues removal was analysed in wells located at different distances from the river channel. The results of the three sampling campaigns conducted in summer and autumn 2017 and winter 2018 indicate the presence of pesticide compounds in the Warta River (max. total concentration of 0.171 μg/l). The pesticides were also present in the horizontal well (max. total concentration of 0.137 μg/l). Much smaller concentrations (max. 0.064 μg/l) were observed in vertical wells located 60-80 m from the river. Additionally, in the well located 250 m from the river, only two pesticide constituents were detected (at concentrations just above the detection limit), and in a well located 680 m from the river, the concentrations of pesticide residues were below the detection limit (excluding isoproturon, which was slightly above the detection limit). This research illustrates the effectiveness of pesticides removal by river bank filtration.
Introduction
River bank filtration (RBF) is a widely used system for water supply purposes. During relatively short periods of water movement between the river bottom and abstraction wells, water quality improvements occur via a series of chemical, biological and physical processes, including biodegradation, adsorption, chemical precipitation, etc. (Hiscock and Grischek 2002) .
RBF sites are typically located in river valleys that are regional discharge zones for shallow as well as deep groundwater flow systems. Extracted water includes various mixtures of bank-filtrated water and ambient groundwater (Forizs et al. 2005; Lasagna et al. 2016) , which dilutes the concentrations of contaminants in river water.
Due to the nature of RBF systems, the quality of extracted water is strongly dependent on the water quality of the source river (Górski et al. 2019) . Special focus is placed on dissolved organic carbon (DOC) removal, because of the formation of disinfection by-products during the chlorination of water (Ray et al. 2002; Sandhu et al. 2011; Ghodeif et al. 2016) . In recent years, emerging contaminants (including organic micropollutants) have become more problematic, especially at RBF sites (Kovačević et al. 2017; Dragon et al. 2018) . The increased use of plant protection products (mainly pesticides) has led to the contamination of rivers in many European countries (Guzzella et al. 2006; Loos et al. 2010; Köck-Schulmeyer et al. 2014) . Additionally, the contamination of groundwater by synthetic organic chemicals (SOCs) is a growing concern (especially at RBF sites), because it can lead to potentially negative effects on human health (Postigo and Barcelo 2015) . In this context, European Union (EC 1998 (EC , 2006 and Polish regulations (Rozporządzenie 2017) have established a maximum acceptable concentration of 0.1 µg/l for individual pesticides and their degradation products and of 0.5 µg/l for the total pesticides concentration.
The widespread use of pesticides in agriculture has led to many benefits, including enhanced crop quality and quantity. Thus, the use of pesticides during cultivation has a very important effect on the harvest quality and yield. Regrettably, pesticides and their degradation products can contaminate different environmental components, including surface water and groundwater. These potentially adverse impacts on the environment and public health have caused considerable social and scientific concerns around the world. The contamination of water resources by pesticides and other micro-pollutants is one of the major objectives for the preservation and sustainability of the environment. The quantities of potentially hazardous chemicals that can reach the environment in areas of intensive agricultural activities are very large and new substances are constantly being released. It is notable that in Poland, more than 2000 plant protection products (PPPs) are registered for use and they contain approximately 220 different active substances. The main groups of PPPs are herbicides (nearly 900 PPPs), fungicides (more than 700 PPPs) and insecticides (approximately 300 PPPs). In this context, concentration, fate and behaviour data for pesticide residues in the environment are urgently needed.
RBF systems can attenuate SOC migration at different scales depending on the surface water system, local geological setting, well locations (in relation to the river) and system construction. However, the retardation of organic contaminants may be difficult and some products can accumulate in the soil-aquifer system. Although many of these products have been banned (e.g., herbicide atrazine in the European market since 2004), they are occasionally detected in groundwater (Loos et al. 2010; Reh et al. 2013; Köck-Schulmeyer et al. 2014) . Pesticide residues were previously detected in Poland during investigations of shallow soil sediments, surface water and shallow groundwater. For example, in wells in the Grójec region (Mazowsze Province), PPPs from different groups of pesticides were detected (Badach et al. 2007) . Field channels and drainage systems associated with oilseed rape production were analysed for insecticide levels in Wielkopolska Province (Drożdżyński 2008) . Additionally, the degradation products of atrazine were detected in sediments and surface waters of the Silesia region (Barchańska et al. 2017 ).
The quality of water extracted at RBF sites is sensitive to climate changes (Sprenger et al. 2011) . The behaviour of SOCs is influenced by the occurrence of weather extremes (especially long wet seasons) that influence both the circulation of SOCs in the hydrogeological environment (elution of SOCs in the soil zone and transport to groundwater and surface water) and the exploitation conditions of an RBF site.
The objective of the present study is to investigate the behaviour of SOCs during bank filtration in wells located at different distances from the river. An analysis of SOCs migration to different types of wells (vertical and horizontal) is also performed. The research was conducted around three sampling campaigns launched in summer and autumn 2017 and winter 2018. The investigation was carried out to assess the vulnerability of bank filtration schemes to SOCs contamination.
The study area
The Krajkowo well field was selected as the study area to investigate the behaviour of SOCs in RBF systems (Fig. 1 ). The Krajkowo well field is located in the central part of the Wielkopolska region (Poland) and supplies water to Poznań city. Favourable hydrogeological conditions occur, because the sediments of two groundwater bodies, the Warszawa-Berlin ice marginal valley aquifer (shallow) and the Wielkopolska buried valley aquifer (deep), overlap. The total thickness of the water-bearing sediments is 40 m. The sediments of the deep aquifer are composed of coarse sands and gravels beneath fine sands in the upper part (Fig. 2) . The shallower aquifer is also characterised by coarse sands in the deeper part and fine sands near the surface of the aquifer. These aquifers are locally separated by an aquiclude composed of glacial till (Przybylek and Dragon 2017). The water-bearing sediments are of the Quaternary age, while the bottom of the aquifer is composed by Neogene clays.
The well field comprises two main groups of wells ( Fig. 1 ):
• The first group is located in the flood plain on the south bank of the Warta River, 60-80 m from the river bank (RBF-c). This group includes 29 vertical wells with screens located in the deep aquifer. • The second group is located (at a higher elevation) between 400 and 1000 m away from the river. This group includes 56 vertical wells. This part of the well field is not continuously exploited. For the purpose of this study, only the portion of the well group shown in Fig. 1 (RBFf) was continuously pumped for a period of 2 years.
The horizontal well (HW) is located on the south side of the river. This well receives water from eight radial drains In the Krajkowo well field, there is one more well group located between artificial ponds (Fig. 1 ). This part of the well field was not considered in this study.
The current total well field abstraction is 70,000 m 3 /day; the RBF-c yield is 45,000 m 3 /day; RBF-f yield is 14,000 m 3 / day and the HW yield is 4000 m 3 /day.
The wells along two transects were selected to investigate the SOCs behaviour in the RBF system. Transect I was located between the river and the RBF-c production wells and transect II was located between the river and the RBF-f wells. The sampling points along transects were located on the flow paths between the river and pumped wells. These locations permitted the investigation of hydrochemical transformations associated with bank filtration at different distances from the source (river). The position of the well screen at each sampling point is presented in Fig. 2 , and detailed characteristics are presented in Table 1 .
The total annual precipitation from 1985 to 2017 in the study area is shown in Fig. 3 . The average precipitation from this period is 554 mm. Three long dry periods were documented. The first dry period spanned from 1989 to the end of 1992 (until the end of the summer). The second dry period occurred between 2003 and 2006. The other long hydrological drought occurred between 2013 and 2016 and a very wet year occurred in 2017, as reflected by a notable increase in the water level of the Warta River.
In 2016, the average water level was 56.0 m a.s.l. and in 2017, the water level increased more than 57.0 m a.s.l. (Fig 4) .
It was previously documented that after long dry periods, surface water contamination occurs in the study area, as manifested mainly by sharp increases in the nitrate concentration in surface water. This change in nitrate concentration was related to the accumulation of contaminants in the soil and aeration zone during drought periods (lack of effective infiltration to groundwater) and the subsequent transport of these contaminants to groundwater and surface water via recharge infiltration after each drought period (Górski et al. 2019) . The nitrate contamination derives from agricultural activities. This scenario reflects pesticides migration patterns similar to those observed in this study.
Materials and methods
Three sampling campaigns were conducted to investigate SOCs levels in the Krajkowo well field. Two campaigns took place in 2017 (summer and autumn) and one in the winter of 2018. Water was sampled at each sampling point along the selected transects (Table 1, Fig. 2 ). The Warta River water was also sampled during each campaign. The production wells were continuously pumped before sampling and observation wells were pumped using a portable pump (MP-1 type-Grundfos). Water in the well column was flushed three times before sampling. The water was sampled into 1000 ml HDPE polyethylene bottles and rinsed three times. The bottles were filled completely to prevent degassing. On the same day, water samples were transported to the laboratory. Chemical analyses were performed at the Institute of Plant Protection-National Research Institute in Poznań (Department of Pesticide Residue Research). The studies included more than 200 active substances of plant protection products. All selected pesticides were extracted from water samples by means of solid phase extraction (SPE, 
Results
In the three sampling campaigns 2017-2018, ten active substances associated with PPPs were identified. Among the detected pesticides, eight were authorised for use in plant protection, whereas the herbicide isoproturon has been banned since October 2017. Among the pesticides detected in water samples, 'historical' methylthiotriazine herbicides prometryn and terbutryn (banned since 2007), were persistent in the groundwater samples. Although these herbicides were banned over a decade ago, pesticide residues can remain in agricultural soils. The other identified pesticides are permitted for crop protection and their residues were observed in collected water samples. The compounds represent different types of pesticide activity and they are components of hundreds of PPPs. Detected fungicide such as metalaxyl-M (AI in 14 PPPs) is used in late spring and early summer to protect against potato blight disease. Imidacloprid is an insecticide (AI in 16 PPPs) applied to winter wheat and winter barley in autumn and sugar beets in spring as a seed dressing compound. The other substances were various herbicides. Metazachlor (AI in 50 PPPs) is a soil-applied herbicide used for oilseed rape protection in winter, immediately after sowing or on young plants (summer/autumn). Nicosulfuron (AI in 65 PPPs), terbuthylazine (AI in 18 PPPs) and S-metolachlor (AI in four PPPs) are used for corn crop protection. The first two substances are applied in the early phase of plant growth (spring/summer season), and S-metolachlor is a spring soil-applied herbicide. The final herbicide identified in monitored water samples, chlorotoluron (AI in ten PPPs), was commonly applied to various winter and spring varieties of cereal crops. Chlorotoluron residues can be present in water samples throughout the calendar year.
The temporal changes in the pesticide concentrations in the Warta River (Rogusko sampling point) are presented in Fig. 5 . The figure presents the pesticides detected in the Warta River at concentrations above LOQ. In September 2017, a very sharp peak was observed in the total pesticide concentration. The constituent responsible for this peak was metazachlor, which was documented at a high level in September. Much smaller concentrations were recorded for the remaining constituents, but trends related to the use of particular pesticides were very clear. Clear peaks in S-metolachlor and terbuthylazine after the spring were observed in the river water. In the case of chlorotoluron, an autumn peak is evident. Additionally, the nicosulfuron and tebuconazole concentrations remained high in the river water throughout the year.
The results of the pesticides investigation of the Krajkowo well field are presented in Table 2 . In the table, only ten constituents detected at concentrations above the limit of quantification LOQ are presented. During the Warta River sampling campaigns in 2017, seven constituents were detected totalling to 0.112 µg/l in summer and eight constituents totalling to 0.171 µg/l were detected in autumn. In the winter sampling campaign, lower concentrations of pesticides were observed (total detected pesticide concentrations of 0.031 µg/l). Similar pesticide concentrations were documented in horizontal well (0.086, 0.137 and 0.024 µg/l, respectively). Much smaller constituent concentrations were detected in the vertical wells. In summer 2017 sampling campaign, three constituents were detected, with total concentrations of 0.045 and 0.058 µg/l in wells 1AL and 19L, respectively. In the autumn campaign, the total pesticide levels were 0.046 and 0.058 µg/l in wells 1AL and 19L, respectively. Seven constituents were detected in well 1AL and five were observed in well 19L. In the winter sampling campaign, only chlorotoluron was detected (0.014 µg/l in both wells). The concentrations of pesticides in piezometer located between the river and RBF-c wells were intermediate that reflected the successive concentration reduction during bank filtration. Pesticides were not detected in the RBF-f well, and only isoproturon was detected in well 78b/l at concentrations of 0.019, 0.023 and 0.024 µg/l during the three sampling campaigns. Moreover, chlorotoluron was observed in this well in winter 2018.
For the 2017 sampling series, constituents not observed in the Warta River and HW were observed in vertical wells and some constituents (e.g., chlorotoluron and isoproturon) detected in the river in 2017 appeared in the RBF-c wells in winter 2018. Pesticide concentrations similar to those observed in the Warta River and HW were also detected in observation well 168b/1, which was located very close to the river channel (Table 1) , but these similarities were only observed for the 2017 summer sampling campaign. 
Discussion
The temporal changes in pesticide concentrations indicate that the highest concentrations were observed during the autumn sampling campaigns. In summer, the concentrations were also relatively high, and in winter, the observed concentrations were significantly lower. The observed trends are related to two factors. The first factor is related to the pesticides used by farmers. The most intensive application of SOCs by farmers generally occurs in spring and late summer/early autumn. The second factor is related to hydrological conditions. If there is no rain, the pesticides accumulate in the soil and migration is limited. However, during wet periods, the pesticide residues that accumulate in the soil are removed from the soil matrix by infiltration and then transported through the aeration zone and into groundwater along flow paths. This factor (especially the long wet season) can facilitate the migration of most durable constituents that accumulate in the environment. Among the factors that facilitate pesticide migration, drainage systems transport agricultural contaminants from the soil and shallow groundwater directly to surface water (Dragon et al. 2016 ). The peak pesticide concentrations observed in the Warta River was related to relatively intensive precipitation in Poland in 2017 ( Fig. 3) , as reflected by the high water level in the Warta River (highest since September 2016; Fig. 4 ). These conditions enabled the removal of contaminants from the soil zone via effective infiltration and contaminant transport to the river.
The smallest pesticide concentrations in winter 2018 reflect a large-scale removal of pesticide residues from the soil zone. Consequently, only the most persistent substances were detected in the Warta River in winter 2018 (prometryn, isoproturon and chlorotoluron). These pesticides can persist in the soil for at least 3 years after application and can then be mobilised by increasing rainwater (Johnson et al. 2001) . These persistent components that were applied and accumulate during the long dry seasons between 2013 and 2016, then washed from the soil during the wet season in 2017. This mechanism also caused pesticides that have been banned for long periods and are not applied by farmers to appear in water samples. For example, terbutryn and prometryn were detected in both the river and wells in 2017, but have been banned in Poland since 2007.
From a spatial perspective, pesticide concentrations clearly decrease due to bank filtration (Fig. 6) . The similar constituents and concentrations detected in the river and HW indicate that the well is vulnerable to pollution from the river. The drains located 5 m below the river bottom do not increase the travel time enough to remove contaminants from the drained water. More effective contaminants removal was achieved in vertical wells located 60-80 from the river (RBF-c wells). The total pesticide concentrations in the well were much lower than those in the river, but some contaminants were still present in extracted water (Fig. 6) . Additionally, in all the sampling campaigns, constituents that were not observed in the river samples were observed in the wells, likely due to the 1-3 month travel time of bank filtrate between the river and wells. Thus, the wells contained constituents that were present in the river before sampling. In the 2017 sampling campaigns, prometryn, nicosulfuron and chlorotoluron were detected in the RBF-c wells (but not in the river water).
The RBF-f well locations were associated with a 1-year bank filtrate travel time (Table 1 ). The results show that this Fig. 6 The sum of pesticide concentrations along flow path amount of time is sufficient for the removal of contaminants that occur in bank filtrate. Notably, only isoproturon and chlorotoluron were observed in a well located 250 m from the river (in all sampling series), and only isoproturon was detected at a concentration slightly above LOQ in well 50A located 680 m from the river ( Table 2) .
The results of present work confirm earlier findings of higher efficiency of contaminant removal by the river bank filtration system composed by vertical wells located 60-80 m from the river than HW that receive river water after a very short travel time (horizontal drains located 5 m below river bottom). It also confirms that for effective micropollutants removal, vertical wells should be placed more than 100 m from the river. Suggested distance of wells from the river channel is 150-200 m, ensuring half year of bank filtrate travel time (Górski et al. 2018) .
The observed behaviour of pesticides is very similar to other micropollutants (i.e. pharmaceuticals), confirming good effectiveness of RBF systems in removal of organic micropollutants . One factor that influences contaminant concentrations in extraction wells is the mixing of bank filtrate and ambient groundwater. In RBF-c wells, 65-85% of water is derived from bank filtration, and in RBF-f wells, this percentage is ~ 40% (Table 1) . This mixing leads to the dilution of contaminants in bank filtrate.
It should be noted that detected pesticides are at lower concentrations than permissible limits (EC 1998 (EC , 2006 Rozporządzenie 2017) in both: surface (source) water and in bank filtrate. It is related to total pesticides concentrations as well as to individual substances.
Conclusions
The results of three sampling campaigns conducted at a RBF site located in Krajkowo (Poland) in summer and autumn 2017 and in winter 2018 indicated the presence of pesticide residues in source water (Warta River) as well as in bank filtrate.
The temporal changes in pesticide concentrations in the Warta River exhibited clear differentiation related to periods of intensive SOCs use (spring and summer/autumn), as manifested by clear peak constituent levels in the river after these periods. Clear S-metolachlor and terbuthylazine peaks were observed after applications during spring and chlorotoluron exhibited an autumn peak. Additionally, nicosulfuron and tebuconazole were detected in the river water throughout the year.
SOCs concentrations similar to those detected in the river water were observed in the horizontal well (HW), with the drains located 5 m below the river bottom. This finding reflects the high vulnerability of HW to pesticide contamination from the river.
In the vertical wells and observation wells located along the flow path between the river and sampling points, gradual reduction of pesticide concentrations was observed. The removal rate depends on distance from the river and travel time as well as share of river water and groundwater in wells recharge.
In vertical wells located relatively close to the river (60-80 m), the total pesticide concentrations were much lower than in the river, but some pesticides were still present in water. The most effective SOC removal was observed in wells located 680 m from the river (RBF-f), where only one component (isoproturon) was detected in winter 2018 sampling series at a concentration slightly above LOQ. The well located 250 m from the river also exhibited a high contaminant removal rate (only isoproturon and chlorotoluron were detected).
The results confirm the effectiveness of RBF in the removal of contaminants observed in source water (in this case, river water). The research confirms earlier findings that, from the water quality perspective, suggest RBF wells location should be 150-200 m from the river (half year of residence time) to achieve effective contaminant removal.
